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I N T R O D U C T I O N
The confluence of two technological developments over the past decade-the introduction of nonlinear optics to biological imaging (Denk et al. 1990 ) and the discovery of genetically encodable fluorophores (Chalfie et al. 1994; Prasher et al. 1992; Shimomura et al. 1962 )-has led to a renaissance of optical microscopy in biological research. Two-photon laser scanning microscopy (2PM), the prototypical nonlinear imaging method, now routinely provides diffraction-limited images of biological structures deep within living tissues (Denk and Svoboda 1997; Denk et al. 1990 Denk et al. , 1995 Helmchen and Denk 2002) . It is ideally complemented by genetically encoded fluorophores [such as the green fluorescent protein (GFP) and its spectral variants and orthologs] that label these structures noninvasively. Expressed under the control of defined promoters or attached to defined cellular proteins through gene fusion, these fluorophores serve as convenient intravital markers for following the fates of cells within organisms or of subcellular structures within cells (Chalfie et al. 1994; Lichtman and Fraser 2001; Zhang et al. 2002) .
Powerful variations on the theme of "genes and photons" are genetically encoded optical probes that signal not only the anatomical positions of tagged cells or proteins but also their physiological states (Zemelman and Miesenböck 2001; Zhang et al. 2002) : changes in protein contacts or conformations (Baird et al. 1999; De Angelis et al. 1998; Heim and Tsien 1996) , shifts in the concentrations of intracellular ions (Kuner and Augustine 2000; Miesenböck et al. 1998; Miyawaki et al. 1997 ) and small-molecule messengers (Oancea et al. 1998; Zaccolo et al. 2000) , membrane depolarization (Siegel and Isacoff 1997) , or the controlled release of secretory content . The optical detection of fast, transient physiological signals, however, poses a particular challenge for scanning microscopies that sample each point in space only briefly and intermittently: the rate at which each pixel can be revisited determines whether the temporal resolution of the optical recording can keep pace with the relevant physiology. Two principal factors determine this rate. First, and fundamentally, the power of the optical signal dictates the length of the observation period (pixel dwell time) required to estimate the signal reliably. The second, and often limiting, factor is speed restrictions on the scanning optics themselves. Most scan engines rely on the movement of reflecting surfaces with inert masses to steer the excitation light beam. If scan mirror control involves a linear command function with feedback, the operating frequency of the mirrors is typically ϳ500 scan lines or ϳ1 full-frame image/s. Higher scan frequencies can be attained when the mirrors are driven at their resonant frequency Fan et al. 1999; Tsien and Bacskai 1995) , but mirror deflections become sinusoidal instead of linear. This has the drawbacks that only a fraction of the working cycle of a full deflection period (the fraction in which the sine function is approximately linear) is available for data acquisition, or that significant postacquisition processing is required to linearize the image .
Alternatives to reflective scanning optics that have been used successfully in single-photon (i.e., confocal) laser-scanning microscopy are acousto-optic deflectors (AODs) (Draaijer and Houpt 1988) . AODs are crystals onto which one or more radio frequency (RF) transducers are bonded. The transducers produce acoustic waves through the medium and thereby impress a periodic refractive index modulation on the initially homogeneous material. Due to the large difference in the velocities of sound and light, incident light "sees" this refractive index modulation as a stationary grating and is diffracted at a specific angle with respect to the acoustic wave. Because the deflection of the incident beam is proportional to the frequency of the acoustic wave (and thus the period of the refractive index modulation), a linear scan can be produced by ramping the frequency of the RF signal driving the transducers (Gottlieb et al. 1983 ).
Since they function without moving parts, AODs possess significant advantages in beam steering over systems using movable deflection mirrors. AODs achieve operating frequencies in the kilohertz range and can, depending on the number of scanned lines per frame, support image acquisition at video (i.e., 30 Hz) to kilohertz rates. Importantly, patterns of beam deflection other than a raster scan, including "random access" (i.e., motion of the beam through a set of predefined positions without an intervening sweep), are possible by applying the appropriate command functions to the RF transducers (Bullen et al. 1997) . Because the analysis of physiological systems often concentrates on regions of interest, the ability to interrogate these regions selectively would increase the temporal resolution of the recording dramatically without compromising signal strength.
What has hindered the use of AODs in nonlinear imaging is a fundamental conflict between dispersive optics and the ultrashort light pulses required for nonlinear contrast generation: since ultra-short pulses are not monochromatic, dispersive optics such as AODs separate their spectral components both spatially and temporally (Denk et al. 1995) . We (Ng et al. 2002) and others (Iyer et al. 2003; Lechleiter et al. 2002) have designed systems of corrective optics that compensate for the broadening of ultra-short pulses in space and time in an effort to enable the use of AODs for fast or random-access nonlinear imaging. Here we describe the principles of our design, detail its implementation on a widely available commercial instrument, and present examples of its use for optical imaging of neurons, using different nonlinear contrasts, in vitro and in vivo. We achieve video-rate or faster performance with minimally intrusive modifications that preserve the single-photon imaging capabilities of the instrument.
M E T H O D S

Lasers
Light pulses for nonlinear imaging were generated by a modelocked Ti:sapphire laser (Tsunami, Spectra-Physics, Mountain View, CA) pumped by a 10-W continuous-wave diode laser (Millenia Xs, Spectra-Physics). The Ti:sapphire laser was equipped with longwavelength optics and configured for pulse widths of ϳ70-fs fullwidth half-maximum (FWHM) at a repetition rate of 82 MHz. The output beam, whose spectral content was monitored continuously (IST-REES, Horseheads, NY), was coupled to the scanning optics via a series of tuned broadband laser mirrors (TLM2-910, S-and Ppolarization versions as appropriate, CVI Laser, Albuquerque, NM).
The output beam of the Ti:sapphire laser is slightly divergent and astigmatic. To maximize throughput, the beam profile was re-shaped by inserting an astigmatic lens arrangement formed by a spherical lens with a focal length of 5,000 mm (PLCX-25.4-2575.0-C-633-1064, CVI Laser) and a cylindrical lens with a focal length of 2,000 mm (SCX-50.8-1000.0-UV-890, CVI Laser) into the beam path 1.1 m from the entrance of the scan head. The total path length from the laser output window to the scan head entrance, including the double-pass through the temporal corrective optics (Fig. 1) , was 4.25 m.
Scanning optics
The scanner was a modified Oz confocal laser scan head (ThermoNoran, Middleton, WI) on an Axioskop 2FS upright microscope (Zeiss, Oberkochen, Germany). The Oz scan engine uses an AOD to produce a fast x-axis raster and a conventional galvanometric scan mirror to generate the slow y-axis raster (Fig. 1) . Because the scanning optics were designed for UV-visible light, they contained many elements that transmitted, reflected, or deflected infrared radiation very inefficiently. The most inefficient (but irreplaceable) of these was the AOD. Inversely proportional to the square of the wavelength (Gottlieb et al. 1983) , the deflection efficiency of the AOD dropped to Ͻ20% in the near-infrared region; in other words, Ͻ20% of the incident optical power at 910 nm was deflected; the remainder was transmitted and absorbed by a specially added metal beam stop. It was therefore imperative to provide sufficient input power (typically ϳ1.1 W at 910 nm) and optimize all other elements in the optical path. To that end, all lenses in the scan head were replaced with equivalent optics coated for visible-near-infrared transmission (custom ground to size with HEBBAR/073 coating, Melles Griot, Carlsbad, CA). Dielectric mirrors in the combined visible-near-infrared light path, including the galvanometer-driven scan mirror for the slow y-axis (Laser Scanning Keiser KG, Stallikon, Switzerland), were replaced with silver-coated mirrors (CVI Laser); mirrors exclusively in the near-infrared light path, including a mirror in the main dichroic wheel, were S-and P-polarization versions, as appropriate, of tuned broadband laser mirrors (TLM2-910, CVI Laser). The transmission efficiency of the microscope was optimized by replacing the factory-installed tube lens with a broadband visible-near-infrared-coated lens of the same focal length (Zeiss 164.5-mm focal length tube lens with Melles-Griot HEBBAR/073 coating). These modifications resulted in a measured throughput (407A power meter, Spectra-Physics) of 6.84% of the input at 910 nm to the back focal plane of the Zeiss 40ϫ 0.8 W IR-Achroplan objective and of 5.31% to the specimen.
For single-photon (confocal) imaging, an argon ion laser (643-RYB; Melles-Griot) was coupled to the scan head with a single-mode optical fiber in the configuration originally supplied by ThermoNoran. The visible and infrared excitation light paths were combined with a tuned near-infrared mirror (TLM2-910, CVI Laser) serving as a dichromatic device (DM1 in Fig. 1 ).
Temporal corrective optics
Since the scanning optics included highly dispersive elements, the temporal spread of the illumination pulse (Bor 1988 ) was corrected with a pulse compressor, which added an adjustable amount of negative group velocity dispersion ("prechirp") to the ultra-short pulse (Fork et al. 1984; Soeller and Cannell 1996) . The compressor consisted of a pair of high-index (SF10) Brewster prisms (prisms 1 and 2 in Fig. 1 ; Spectra-Physics) in a folded arrangement with an interprism distance of 1.25 m that forced longer wavelengths to travel through a longer optical path than shorter wavelengths. On passing through the positively dispersing scanning optics, the negative prechirp was canceled, and the pulse emerged with all spectral components in phase. The degree of negative dispersion introduced into the optical path was adjusted with a micrometer-driven linear stage that moved one Brewster prism along its center axis. The adjustment was performed by minimizing the pulse width measured at the back focal plane of the objective, using relay mirrors and an autocorrelator (Model 409, Spectra-Physics). The uncompensated and compensated pulse widths at the back focal plane were 442 and 70.5 fs, respectively, that at the output window of the Ti:sapphire oscillator was 79.5 fs. The pulse compressor thus cancelled fully the temporal dispersion due to the scanning optics as well as the laser output window. If an autocorrelator is not available, a qualitative adjustment of the pulse compressor is possible by maximizing the signal amplitude of a fluorescent test specimen. The measured throughput of the pulse compressor at 910 nm was 88.29%.
Spatial corrective optics
A custom-fabricated isosceles Brewster prism with an apex angle of 58.4°(SF10 glass, broadband antireflective coating with Յ1% reflection in the 840-920 nm band; CVI Laser) was inserted into the illumination light path prior to the AOD (prism 3 in Fig. 1 ; see also The prism shifted the center wavelength of the dispersed beam with respect to the entrance light path of the AOD (Fig. 2) . A pair of planar mirrors coated with protected silver (CVI Laser; M3 and M4 in Figs. 1 and 2) was therefore used to re-align the center wavelength with the AOD entrance path. Table 1 lists wavelengths commonly used in laser-scanning microscopy, the indices of refraction of SF10 glass at these wavelengths, and the deflection angles produced by a prism with an apex angle of 58.4°. Software-controlled motorized rotation of M3 compensated for the wavelength-dependent variation of the deflection angle and ensured perfect beam alignment throughout the visible and infrared spectrum. The same instrument can thus operate in conventional confocal as well as in nonlinear mode.
Detectors
Emitted photons were detected by R3896 photomultiplier tubes (Hamamatsu Photonics, Hamamatsu City, Japan). Fluorescence was collected through a 40ϫ 0.8-W IR-Achroplan objective (Zeiss) in the epi-illumination path (objective 1 in Fig. 1 ) and reflected off a dichromatic mirror (DM3 in Fig. 1 ; LWP-RU520-TP900, CVI Laser) through a custom opening in the microscope chassis to the detector assembly, which held a second dichromatic mirror (DM4 in Fig. 1 ) acting as a cold mirror (UV/Vis High Reflectivity, Chroma, Brattleboro, VT), a 2-mm colored glass filter (BP2 in Fig. 1 ; Schott BG39, Chroma), and a collector lens (Melles Griot). The detector assembly for second-harmonic light was inserted into the condenser carrier of the transmitted light path; it consisted of a 40ϫ 0.8-W Achroplan objective (objective 2 in Fig. 1 ; Zeiss), a dichromatic mirror (DM5 in FIG. 2. Spatial corrective optics. The fully compensated case is shown; optical elements are labeled according to conventions of Fig. 1 . The spectral components of the collimated infrared beam entering prism 3 are refracted by different angles. The angular spread between short-wavelength (blue) and long-wavelength components (red) is offset exactly by the dispersion of the AOD, which re-collimates the spectral components into parallel, slightly displaced beams. Mirror M3 is mounted on a rotatable lever driven by a motorized actuator. Rotational alignment of M3 allows a broad range of visible and infrared excitation wavelengths (which prism 3 deflects at different angles; Table 1 ) to be launched into the AOD. The scan engine is coupled to the microscope through relay optics. Emitted fluorescence (optical path depicted in green) is collected by objective 1 and detected in confocal or nonconfocal mode. For confocal detection, the beam is vertically de-scanned by the galvanometric mirror, spectrally filtered by the dichromatic mirror DM2 and the band-pass filter BP1, spatially filtered by the confocal slit aperture, and detected by PMT1. For nonconfocal detection, emitted fluorescence is separated from infrared excitation light by 2 dichromatic mirrors (DM3 and DM4) and a colored glass filter (BP2) and detected by PMT2. Second-harmonic light (optical path depicted in blue) is collected by objective 2, isolated by 2 dichromatic mirrors (DM5 and DM6) and a band-pass filter (BP3), and detected by PMT3. Fig. 1 ; 550DCXR, Chroma), a dielectric interference filter (BP3 in Fig. 1 ; D440/40, Chroma), and a cold mirror (DM6 in Fig. 1 ; UV/Vis High Reflectivity, Chroma).
Beam profiling
The in-scan and cross-scan diameters of the scanned beam were measured with a beam profiler (ProBeam, Photon, San Jose, CA) at a discrete set of deflection angles within the scanning range of the AOD. A 3,000-mm spherical lens (Melles Griot), placed in the infinity space of the microscope, was used to focus the beam onto the profiler.
Genetically encoded optical probes: expression, characterization, imaging
Superecliptic synapto-pHluorin (Miesenbö ck et al. 1998; Yuste et al. 2000) was expressed in the Or83b-positive subset of olfactory receptor neurons of Drosophila melanogaster by crossing P{wϩ; OR83b-GAL4}III driver and P{wϩ;UAS-spH}II responder strains (Ng et al. 2002) . The antennal lobes were imaged through an opening in the cuticle that was superfused with a solution containing 5 mM Na-HEPES, pH 7.5, 115 mM NaCl, 5 mM KCl, 6 mM CaCl 2 , 1 mM MgCl 2 , 4 mM NaHCO 3 , 5 mM trehalose, 10 mM glucose, and 65 mM sucrose. Odor-evoked synaptic release was stimulated by directing a carrier airstream (0.6 l/min) via softwarecontrolled solenoid valves (The Lee Company, Westbrook, CT) through a channel loaded with 0.2 l of banana fragrance (Bell Flavors and Fragrances, Northbrook, IL) .
A cDNA encoding the enhanced GFP (EGFP) was modified by PCR to introduce a 10-residue isoprenylation motif containing a CAAX box (-GCMSCKCVLS; Hancock et al. 1989) at the truncated C-terminus (⌬233-238) and/or a 13-residue internal lipidation motif between residues Ile-171 and Gly-174. The internal lipidation motif (-GGTKKFCGLCACP-) was selected by visually screening members of a mammalian expression library of SNAP-25-derived signals (Oyler et al. 1989; Veit et al. 1996) for plasma membrane localization.
To analyze posttranslational lipid modifications by phase separation (Bordier 1981) , Xenopus oocytes injected with the indicated cRNAs were homogenized in 10 mM K-HEPES, pH 7.4, 250 mM sucrose, 2 mM MgCl 2 , 1 mM EGTA, 0.5 mM EDTA, and 1 mM DTT. The homogenates were extracted with 4% (wt/vol) Triton X-114 (Calbiochem, San Diego, CA) for 3 h at 4°C, clarified, clouded by a 10-min incubation at 30°C, and spun to separate aqueous and detergent phases (Bordier 1981) ; deacylation reactions (Dolci and Palade 1985; Schlesinger et al. 1980 ) involving 0.5 M hydroxylamine (Sigma, St. Louis, MO) at pH 7.4 were followed by a second phase separation reaction. Proteins in the aqueous and detergent fractions were separated by SDS-PAGE and transferred to nitrocellulose for chemiluminescent detection (ECL; Amersham Biosciences, Piscataway, NJ) with a polyclonal antiserum against GFP and secondary antibodies conjugated with horseradish peroxidase (Bio-Rad Laboratories, Hercules, CA).
For mass spectrometry, a detergent extract of material from 500 oocytes was treated with 50 mM 4-vinylpyridine (Sigma) at 12°C for 30 min to derivatize free cysteines (Sechi and Chait 1998) . The modifying reagent was quenched with 167 mM reduced glutathione (Roche Applied Science, Indianapolis, IN) at 4°C overnight, and hydroxylamine deacylation (Dolci and Palade 1985; Schlesinger et al. 1980 ) and phase separation reactions (Bordier 1981) were performed as described above. EGFP in the detergent phase [adjusted to 50 mM Tris, pH 8.0, 100 mM NaCl, 10% (wt/vol) glycerol, 1 mM DTT] was collected by immunoprecipitation and isolated by SDS-PAGE. Unpolymerized residue leads to the formation of acrylamide adducts on unprotected cysteines during electrophoresis (Sechi and Chait 1998) . Coomassie-stained bands were excised, fully alkylated with ϳ1 M acrylamide, and digested in situ with 1 g of sequencing-grade trypsin (Roche Applied Science). The resulting peptide mixture was loaded onto a microcolumn of 2 l Poros R2 reverse-phase beads (Perseptive, Framingham, MA) and eluted in 4-l steps with 16 and 30% acetonitrile in 0.1% formic acid. The eluates were analyzed by matrixassisted laser-desorption/ionization (MALDI) time-of-flight (TOF) mass spectrometry (REFLEX III, Bruker Daltonics, Billerica, MA) in the presence and absence of peptide calibrants.
Hippocampal neurons grown in dissociated cultures (Yuste et al. 2000) were stained with 50 M FM 1-43 (Molecular Probes, Eugene, OR) in extracellular recording solution (25 mM Na-HEPES, pH 7.4, 119 mM NaCl, 2.5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 30 mM glucose) and imaged within 10 min after dye application to minimize dye internalization or flip-flop. Alternatively, neurons were transfected with a calcium phosphate precipitate of a pCI-based plasmid (Promega, Madison, WI) encoding dually lipidated EGFP and imaged 3-8 days after transfection.
R E S U L T S
Ultra-short light pulses and dispersive optics
To achieve the high photon flux densities necessary for nonlinear imaging while maintaining biologically tolerable average power levels, pulsed lasers with repetition rates of ϳ100 MHz and pulse lengths of ϳ100 fs to several picosecond are used as light sources (Denk et al. 1990 ). Due to their higher peak powers, femtosecond pulses (70 fs in the present case) are generally preferred for 2PM (but see also Koester et al. 1999) . These pulses obey the inequality relationship established by the Heisenberg uncertainty principle, ⌬E⌬t Ն ប/2, which dictates a chromatic spread of 3.13 nm for a transform-limited 70-fs pulse centered at 910 nm. In practice, pulses are near transform-limited and span broader spectral ranges; the measured bandwidth in the present case was ϳ17 nm FWHM at 910 nm.
An AOD operating under the Bragg condition, b ϭ f /2v, deflects part of the incident optical field into the direction of double the angle of incidence (Gottlieb et al. 1983) . Here, b (the so-called Bragg angle) is the angle of the incident as well as the deflected beam relative to the acoustic wavefront in the crystal, is the wavelength of the incident light, f is the frequency of the acoustic wave, and v is the speed of the acoustic wave in the AOD crystal. The small-angle approximation (sin ␣ Ϸ ␣) yields a linear relationship between the angle of deflection and the acoustic frequency
The AOD operates by linearly varying the acoustic frequency f to produce a corresponding linear variation in the angle of the deflected beam. Since the tolerance in the Bragg condition is small, the Bragg angle has to be matched for each acoustic frequency; during a scan, the angle of the incident optical field with respect to the acoustic field must therefore co-vary with the acoustic frequency. This is accomplished by using multiple RF transducers to introduce a frequency-dependent tilt into the acoustic field (Gottlieb et al. 1983) . Bragg diffraction of ultra-short laser pulses with broad spectral content leads to a spatial separation of their spectral components. Equation 1 shows that, irrespective of the acoustic frequency, the angle of the deflected beam is also a linear function of the wavelength of light, . The AOD therefore scans the different spectral component wavelengths of an ultrashort pulse by different amounts and hence in different directions. Longer wavelengths are deflected more than shorter ones for any given acoustic frequency, leading to an angular spread of the pulse. Angular dispersion causes the different spectral components of the excitation light pulse to be focused to different points in the specimen, resulting in a linearly varying lateral blur (Fig. 3A) that is minimal at one end of the scan and maximal at the opposite end. The situation is further aggravated because the spectral components of the pulse propagate at different velocities through the highly dispersive TeO 2 crystal of the AOD (Bor 1988 ). This so-called group velocity dispersion leads to a temporal spread, with longer wavelengths leading the shorter ones. The combined result of the two effects-temporal and spatial dispersion-is a severe reduction of the photon flux density that renders the device ineffective for nonlinear imaging (Denk et al. 1995) .
Image resolution, corrective optics, and correction error
To estimate the error due to angular dispersion and the effectiveness of the corrective measures introduced below, we consider the resolution of the AOD in terms of its timebandwidth product, N ϭ ⌬f, where ϭ D/v is the time taken by an acoustic wavefront to traverse the optical beam (D is the size of the beam in the scanned direction; v is the speed of sound in the AOD crystal) and ⌬f is the bandwidth of the acoustic field (Yariv 1991) . The time-bandwidth product is equivalent to the ratio of the angular scan range to the angular width of the scanned beam: N ϭ ⌬f ϭ ⌬ f /⌬. Here, ⌬ f ϭ (/v)⌬f is the scan range derived from Eq. 1, and ⌬ ϭ /D is the far-field angular width of the beam. This ratio establishes the number of nonoverlapping angular widths (resolvable spots) within the scan range, independent of any subsequent optical elements. Throughout the following discussion, the scan range is therefore referred to in its fundamental input of acoustic frequency rather than its output of scanned angle.
The specifications of the AOD used in our instrument ( f min ϭ 200 MHz, f max ϭ 400 MHz, ⌬f ϭ 200 MHz, v ϭ 4,322 ms Ϫ1 , D ϭ 12 mm) allow for a theoretical maximum of N ϭ 555 resolved points. In practice, the working bandwidth at near-infrared wavelengths had to be limited to a smaller range of ϳ60 MHz in which the Bragg condition could be satisfied. We centered this reduced working bandwidth at 265 MHz, the frequency determined empirically to cause the most efficient deflection of 910-nm light. The scanning resolution corresponding to the limited acoustic bandwidth was N ϭ 167 points.
The angular spread, ⌬ , caused by the spectral bandwidth of the pulsed beam at a particular scanning frequency, is given by the derivative of the angle of deflection with respect to the wavelength and obtained by differentiating Eq. 1
A measure of the error of the system can thus be defined as the number of angular widths spanned by the spectral angular spread
When a femtosecond pulse with a center wavelength of 910 nm and a bandwidth of 17 nm is scanned through an AOD operating at acoustic frequencies from 235 to 295 MHz (i.e., a 60-MHz working bandwidth centered at 265 MHz), the errors, defined by Eq. 3, at the lower limit, center, and upper limit of the scan range are 12.1, 13.6, and 15.1 angular widths, respectively. The image of a spherical bead in Fig. 3A dramatically shows the magnitude of the uncorrected error at 265 MHz.
To compensate for the AOD-induced dispersion, a corrective prism was designed that would introduce a measure of angular dispersion into the beam that precisely canceled that due to the AOD at 265 MHz, the selected center frequency of the scan. The wavelength-dependent deflection angle ␦ of the pulsed beam by the prism was calculated as
where ␤ is the entrance angle of the beam with respect to the entrance surface normal, ␤Ј is the exit angle with respect to the exit surface normal, ␣ is the apex angle of the prism, and n() is the wavelength-dependent refractive index of the prism material. The index n() was obtained by substituting the coefficients for SF10 glass (Table 2) into the Sellmeir equation
Approximating the derivative as a ratio, the dispersion of a 
Equating this quantity with the known dispersion of the AOD operating at 265 MHz (0.003513°/nm; Eq. 2), substituting the expressions for ␦ and n() from Eqs. 4 and 5, and solving numerically for ␣ yielded an apex angle of 58.4°for the desired corrective prism. Placed into the optical path prior to the AOD (Figs. 1 and 2 ), this prism offset the angular spread of the AOD as predicted (Fig. 3B) . However, since the amount of dispersion due to the AOD varied linearly across the acoustic bandwidth of the scan while that due to the prism remained fixed, the angular spread of the pulse was exactly matched only at 265 MHz but under-or overcorrected at all other frequencies, leaving the extremes of the 60-MHz scan with correction errors of 1.56 angular widths (Eq. 3). Viewed slightly differently, each resolved spot was sampled into 3.1 pixels at the fully corrected center of the scan (the ratio of 512 pixels to 167 resolved spots per scanned line). The sampling frequency thus exceeded the highest spatial frequency in the image by approximately threefold and matched the Nyquist criterion reasonably well. At the extremes of the scan, a resolved spot was spread over 4.8 pixels (the product of the 256-pixel distance from the center and the ratio of the 17-nm spectral bandwidth to the center frequency of 910 nm; alternatively, the product of the 3.1-pixel spot size at the center and the error of 1.56 angular widths at the edge). Visually, this loss of spatial information was apparent as a slight lateral blur and a reduction in signal intensity at the vertical margins of the image.
Direct experimental measurements of beam diameters across the scanned range (Fig. 4 ) are in agreement with this analysis. The measurements were performed with the Ti:sapphire laser mode-locked to generate 70-fs pulses centered at 910 nm, or in continuous wave mode (CW) to produce essentially monochromatic 910-nm light. Figure 4 shows beam diameters in the scan range of 200-320 MHz, about twice the range used for imaging. As expected, the size of the CW beam was constant throughout the scan in both diameters. The beam was slightly elliptical, with the larger diameter in the in-scan than in the cross-scan direction. In contrast, the in-scan-but not the cross-scan-diameter of the mode-locked beam changed as a function of acoustic frequency. With the corrective prism in place, the minimum beam diameter was seen at a frequency of 255 MHz, identifying the point of full correction. At this point, the diameter of the pulsed beam was indistinguishable from that of the CW beam, indicating that the corrective optic fully compensated for the AOD-induced angular dispersion. The 10-MHz discrepancy between the observed (255 MHz) and the designed frequency for full dispersion correction (265 MHz) revealed a mounting imprecision that rotated the corrective prism by 2.3°relative to its intended orientation. Small rotations of the prism decrease or increase its dispersion by ϳ4.3 MHz/°(Eqs. 4 and 6).
Imaging neuronal membrane dynamics
TWO-PHOTON FLUORESCENCE. To test whether our instrument could capture dynamic signals in living neural tissue, we imaged 2P-excited fluorescence originating from a defined population of synapses in the brain of a fruit fly. The synapses were labeled with synapto-pHluorin, a genetically encoded probe of synaptic vesicle trafficking Ng et al. 2002; Yuste et al. 2000) . Synapto-pHluorin consists of a pH-sensitive mutant of GFP, termed superecliptic pHluorin, and the membrane protein VAMP/synaptobrevin-2 (Baumert et al. 1989; Elferink et al. 1989) , which attaches pHluorin to the inner surface of synaptic vesicles. The chromophore of superecliptic pHluorin titrates between a deprotonated, fluorescent, and a protonated, nonfluorescent state. The abundance of protons inside resting synaptic vesicles (pH ϳ5.7) ) drives superecliptic pHluorin into the protonated state and quenches ("eclipses") its fluorescence. Exocytic events cause release of the accumulated protons and chromophore deprotonation, which is detected as a sudden increase in fluorescence Ng et al. 2002) .
The expression of synapto-pHluorin was restricted, with the help of the OR83b promoter, to a defined subset of olfactory receptor neurons (Ng et al. 2002) . The cell bodies of these neurons lie close to the sensory surface, to which they extend receptor-bearing dendrites (Hildebrand and Shepherd 1997) . Binding of airborne odorants to these receptors activates a transduction cascade that leads to the depolarization of the olfactory receptor neuron (Prasad and Reed 1999) and the transmission of synaptic impulses to second-order neurons. Synaptic transmission between first-and second-order neurons takes place in the antennal lobe, which, like its vertebrate counterpart, the olfactory bulb, is partitioned into distinct anatomical regions, termed glomeruli (Hildebrand and Shepherd 1997) . Because each glomerulus receives synaptic input from olfactory receptor neurons expressing only one or, at most, a few receptor genes (Gao et al. 2000; Vosshall et al. 2000) , a one-to-one mapping links the activation of specific olfactory receptors to evoked neurotransmitter release in particular glomeruli (Ng et al. 2002) . Figure 5A shows optical sections through the left antennal lobe of a living fly, located ϳ135 m beneath the surface of FIG. 4. Diameters of pulsed and continuous wave (CW) beams across the scanned range. Beam diameters were measured at the 1/e intensity threshold. The CW beam dimensions as well as the cross-scan dimension of the pulsed beam are constant throughout the scanned range. The in-scan diameter of the pulsed beam varies, with a minimum at 255 MHz, the point of full correction. The dip at 225 MHz, present in all measurements, is due to interference with a back-reflected beam. Shaded area indicates the 60-MHz working bandwidth used for imaging. the brain. Images were acquired at a sampling rate of 30 Hz, a digital resolution of 512 ϫ 480 pixels, and a laser power of 34 mW at the sample. This power level was in ϳ1.5-fold excess of that reported for all-reflective video-rate 2PM of cultured cells (Fan et al. 1999) . The higher power requirement in the present case may simply be a consequence of the thicker specimen, or it may reflect distortions of the diffraction-limited wavefront after scanning the excitation light beam through the AOD. Such distortions would reduce the effective photon density at the focus and necessitate higher global power levels to achieve comparable 2P excitation efficiencies.
To display changes in fluorescence intensity during odor stimulation in pseudocolor, the raw video images were lowpass filtered with a 5 ϫ 5 kernel, and difference images (⌬F) were computed. The data were normalized (⌬F/F) to a moving-average background image to correct for the observed photobleaching rate of ϳ1.1%/s. Every eighth frame in the video sequence is shown, corresponding to a displayed temporal resolution of 266 ms. Prominent responses to the odor stimulus, which consisted of a 2-s puff of banana fragrance (red bar), were seen in three of the eight glomeruli outlined in Fig. 5A . Within 100 ms after the onset of the odor pulse, several submicron-sized puncta of increased synapto-pHluorin fluorescence appeared. Judging from their size (ϳ1 m; Fig.  5B ), response homogeneity to multiple test odorants (Ng et al. 2002) , and co-localization with presynaptic marker proteins (Ng et al. 2002) , these puncta correspond-in all likelihood-to individual synaptic terminals. Their intensity continued to rise for 8-56 additional frames and peaked 400-1,680 ms after the fluorescence increase was first detected (Fig. 5, C and  D) . Different synaptic clusters within each responsive glomerulus became active at different times during the odor pulse, leading to asynchronous patterns of activation that are not apparent at slower image acquisition rates (Ng et al. 2002) . Activity had spread to most synapses within the visible crosssection of each responsive glomerulus shortly before the stimulus was terminated (Fig. 5, A and D ). Synapto-pHluorin fluorescence then declined as vesicles were internalized and re-acidified (Fig. 5, A, C, and D) . Individual fluorescent puncta returned to baseline in an asynchronous manner that seemed to reverse the order of activation; often, the earliest responders were the last synapses to become re-eclipsed (Fig. 5A ).
SECOND-HARMONIC GENERATION. Second-harmonic generation (2HG) is a nonlinear optical phenomenon whose quadratic dependence on the incident photon flux gives it the same intrinsic resolving power as 2P excitation. 2HG, however, provides a fundamentally different optical contrast. Whereas 2P excitation is an incoherent phenomenon involving photon absorption and re-emission, 2HG arises from coherent scattering of the incident optical field into a frequency-doubled "harmonic" field (Bloembergen 1965 ). Because 2HG is electric dipole forbidden in media with inversion symmetry, 2HG is generally observed only in highly anisotropic structures or at interfaces where this symmetry is broken (Bloembergen 1965; FIG. 5. Video-rate two-photon laser scanning microscopy (2PM) images of synaptic activity in vivo. The genetically encoded membrane probe synaptopHluorin was expressed in the Or83b-positive subset of fly olfactory receptor neurons. Projections of these neurons onto their targets in the antennal lobe are spatially segregated by receptor specificity, such that each glomerulus (white outlines in A and B) receives synaptic input from only 1 class of receptor neuron. A video sequence of 450 2PM images, acquired at a single focal plane before, during, and after stimulation with a 2-s puff of banana fragrance (red bar), shows odor-evoked synapto-pHluorin transients. A: individual video frames were low-pass filtered, and difference images were computed. Temporal separation between displayed panels is 266 ms (i.e., every 8th frame in the video sequence is shown); amplitudes of fluorescent signals (⌬F/F) are colorencoded according to the palette on top. Scale bar, 20 m. B: enlarged view of the area marked by a white box in the bottom left frame of A shows punctate synapto-pHluorin fluorescence. Arrowheads indicate individual puncta whose fluorescence intensities are plotted in D. Scale bar, 2 m. C and D: fluorescence intensities of a glomerulus (C) and 3 of its synaptic puncta (D; puncta are identified by arrowheads in B) before, during, and after stimulation with banana fragrance. Duration of stimulus (2 s or 60 video frames) is indicated by red bars; arrowheads in D mark points of inflection of synapto-pHluorin traces. Shaded areas correspond to the interval displayed in A. Shen 1989) . The intercalation of lipophilic dyes into one leaflet of a biological membrane, for example, creates an oriented, asymmetrical chromophore array in which the phased secondharmonic emissions from individual dipoles can sum constructively (Ben-Oren et al. 1996; Bouevitch et al. 1993; Campagnola et al. 1999; Moreaux et al. 2000b Moreaux et al. , 2001 .
The growing interest of neurophysiologists in 2HG stems from the observation that changes in transmembrane voltage can modulate the magnitude of the chromophore dipole moment induced by the driving optical field and thus the amplitude of the second-harmonic signal (Ben-Oren et al. 1996; Bouevitch et al. 1993; Campagnola et al. 1999; Dombeck et al. 2004; Pons et al. 2003) . Since the voltage dependence of 2HG appears much steeper than that of fluorescent potentiometric dyes (Ben-Oren et al. 1996; Bouevitch et al. 1993; Campagnola et al. 1999) , second-harmonic imaging is potentially superior to 2PM in detecting electrical activity in excitable cells. Bioelectric events, however, occur on millisecond timescales that call for significantly higher temporal resolution than that previously achieved in second-harmonic microscopy (Ben-Oren et al. 1996; Bouevitch et al. 1993; Campagnola et al. 1999; Moreaux et al. 2001; Nikolenko et al. 2003) . The speed of AOD-based scanners could therefore prove especially valuable in this arena.
Simultaneously recorded second-harmonic and 2PM images of neurons stained by bulk application of 50 M FM 1-43 are contrasted in Fig. 6, A and B . FM 1-43 is a lipophilic styryl dye that is virtually nonfluorescent in aqueous environments but increases its quantum yield dramatically on insertion into the outer leaflet of surface membranes (Betz et al. 1992) . Its absorption spectrum, with a peak at 479 nm, resembles that of fluorescein and EGFP. Illumination of FM 1-43-stained membranes with 70-fs pulses of light centered at 890 nm generated both fluorescent photons at 530 -590 nm and harmonic photons at exactly one-half the fundamental wavelength (445 nm). The wide spectral separation facilitated the detection of fluorescent and second-harmonic light, free of cross-contamination, in separate channels. Fluorescence was collected through the epiillumination optical path; second-harmonic light, which propagates in the form of two off-axis lobes in the forward direction (Moreaux et al. 2000b (Moreaux et al. , 2001 , by a high-NA objective and detector assembly in lieu of the transmitted light condenser (see Fig. 1 and METHODS) . Comparison of 2PM (Fig. 6A) and second-harmonic images (Fig. 6B) revealed the diagnostic hallmarks of 2HG: confinement of the signal to non-inversion symmetric structures (i.e., membranes) and an orientation dependence with respect to the driving optical field: maximal signal intensities were seen where the chromophore dipole vectors were aligned with the polarization vector of the laser beam. Because the dipole of a membrane-bound styryl dye lies roughly orthogonal to the plane of the membrane (Loew and Simpson 1981; Loew et al. 1979) , maximal secondharmonic intensities coincided with regions where the polarization vector intersected a membrane at approximately a right angle (Fig. 6B) .
Encouraged by our ability to collect second-harmonic images of neurons labeled with a synthetic dye, we tested whether genetically encoded chromophores could also be arrayed on a membrane so as to give rise to a detectable second-harmonic signal. Although optical power in the second-harmonic band has been reported to arise from flexible fusions of GFP with integral membrane proteins (Khatchatouriants et al. 2000; , it remains unclear how these rather disorderly arrangements of dipoles might meet the strict asymmetry and orientation requirements of 2HG. Our strategy, therefore, was to create a defined geometry of genetically encoded dipoles that would approximate that of a membrane labeled with a styryl dye. The key features of this arrangement are asymmetry (dye is present only in one membrane leaflet) and a membrane-orthogonal orientation of the chromophore dipole vector (Loew and Simpson 1981; Loew et al. 1979) .
The electronic transition dipole moment of EGFP is thought to lie in the plane of the chromophore and subtend an angle of 13°with the vector that joins the phenolic and imidazolinone oxygens (Bublitz et al. 1998; Rosell and Boxer 2003) ; it thus points roughly perpendicular from the central axis of the cylinder-shaped molecule (Ormö et al. 1996; Yang et al. 1996) to the quadrangle formed by residues 146, 147, 204, and 205 in its outer shell (Fig. 7A) . To bring this vector into a plane approximately orthogonal to the plane of the membrane, signals that directed the posttranslational addition of two lipid anchors, one at the base and the other at the top of the GFP cylinder, were added to the EGFP sequence (Fig. 7A) . These anchors were designed to tie the GFP cylinder flush, with its axis membraneparallel, against the cytoplasmic face of the plasma membrane. The placement of the lipid anchors was chosen to rotate the dipole vector toward the membrane and hence to replicate, as closely as physically possible, the membrane-orthogonal position of an intercalated styryl dye. One lipid anchor comprised a 10-residue isoprenylation and plasma membrane targeting signal from H-ras (Hancock et al. 1989) ; this anchor was appended to the C-terminally truncated (⌬233-238) fluorescent core of EGFP. The second anchor was an internal lipidation motif derived from SNAP-25 (Oyler et al. 1989; Veit et al. 1996) . It consisted of a 13-residue peptide containing three potentially palmitoylated cysteines (-GGTKKFCGLCACP-) that replaced the short loop connecting residues Ile-171 and Gly-174 in EGFP. These principles of membrane attachment are the same as those used to anchor many natural peripheral membrane proteins, such as heterotrimeric G protein subunits (Hamm and Gilchrist 1996) and H-ras (Hancock et al. 1989) , to the cytoplasmic face of the plasma membrane (Solski et al. 1995) : lipidated proteins retain some lateral mobility but cannot detach from or translocate across the bilayer.
Although both lipidation signals were functional in isolation (Fig. 7B) , the two signals might interfere with each other when present in the same molecule. Since the desired orientation of the GFP dipole vector required dual lipidation, it was important to confirm that both signals were indeed modified. Cells expressing EGFP bearing no lipidation signals, the prenylation motif only (prenyl-EGFP), the palmitoylation motif only (palmitoyl-EGFP), or both signals (dual-EGFP) were homogenized and extracted with Triton X-114. Following partitioning of the extract into detergent and aqueous phases (Bordier 1981) , the distribution of each construct was examined by immunoblotting (Fig. 7B) . While EGFP was found exclusively in the aqueous phase, ϳ60% of palmitoyl-EGFP and Ͼ90% of prenyl-EGFP and dual-EGFP partitioned into the detergent phase, confirming the presence of lipid anchors.
To determine whether the palmitoylated population of dual-EGFP was also prenylated, its phase distribution was re-examined after treatment with hydroxylamine, a compound that hydrolyzes the thioester linkages of fatty acyl chains but leaves the thioether linkages of isoprenyl groups intact (Dolci and Palade 1985; Farnsworth et al. 1989; Schlesinger et al. 1980) . Dual-EGFP remained in the detergent phase after removal of its putative fatty acyl anchors, establishing the simultaneous presence of hydroxylamine-resistant prenyl groups in the palmitoylated fraction (Fig. 7B) .
The reverse experiment, to determine whether the prenylated fraction of dual-EGFP was also acylated, was performed by probing the occupancy of the potential palmitoyl acceptor sites directly. A Triton X-114 extract of cells expressing dual-EGFP was reacted with 4-vinylpyridine, an alkylating agent that modifies free cysteines (Sechi and Chait 1998) but spares residues protected by covalently attached fatty acids. Following hydrolysis of the protective acyl groups with hydroxylamine, the modified dual-EGFP was isolated by immunoprecipitation from the detergent phase and reacted with acrylamide to derivatize any now deacylated cysteines (Sechi and Chait 1998) . Tryptic peptides containing the potential palmitoyl acceptor sites (a 15-mer and a 16-mer, identical down to a missed tryptic cleavage site in bold: KFCLGCACPG-GVQLAR) were analyzed by mass spectrometry to count the number and type of cysteine substituents, bearing in mind that each acrylamide substituent marks a site originally occupied by an acyl chain. The masses of the two major peptide species, 1707.76 and 1835.86 daltons, matched those calculated for 15-and 16-mers with three acrylamide substituents, respectively (Fig. 8A) . Smaller peaks at 1741.79 and 1775.82 daltons had the expected masses of 15-mers with two and one acrylamide substituent(s); 16-mers with fewer than three acrylamide substituents or peptides lacking acrylamide substituents altogether were not detected (Fig. 8A ). This analysis implies that every prenylated dual-EGFP molecule was also palmitoylated: the majority at all three acceptor sites, and smaller subsets at two or only one site(s). Tryptic peptides generated from dual-EGFP expressed in E. coli, an organism that lacks the enzymatic apparatus for palmitoylation, served as negative controls. Only a 15-mer without acrylamide substituents was recovered in this case (Fig. 8B) , suggesting that the 16-mer in the eukaryotic FIG. 7. Membrane-tethered green fluorescent protein. A: side and top views of the proposed arrangement of EGFP. The cylinder-shaped molecule is anchored, with its axis membrane-parallel, to the cytoplasmic face of the plasma membrane. Two tethers are used: a prenyl group at the truncated C-terminus (red segment of the polypeptide backbone) and palmitoyl groups at an internal loop (orange segment of the polypeptide backbone). The chromophore and its transition dipole moment (green arrow) are oriented approximately membrane-perpendicular. B: analysis of posttranslational lipidation. Triton X-114 extracts were separated into aqueous (A) and detergent (D) phases, resolved by SDS-PAGE, and analyzed for the presence of EGFP by immunoblotting. Top: native EGFP is confined to the aqueous phase. Addition of lipidation signals directs an increasing proportion of EGFP to detergent phase; for the dually lipidated variant, this proportion exceeds 95%. Bottom: removal of acyl chains with hydroxylamine leads to loss of palmitoyled EGFP from the detergent phase. The distribution of prenylated and dually lipidated EGFP is unaffected by hydroxylamine treatment.
sample arose because palmitoylation partially masked a tryptic site.
Neurons expressing dual-EGFP exhibited intense surface fluorescence (Fig. 6C) . Intracellular membrane-bound compartments were nonfluorescent, indicating that the lipid anchors and/or their flanking peptide sequences contained sufficient topogenic information to target the protein selectively to the plasma membrane. As would be expected from the efficiency of lipidation (Fig. 7B) , little or no fluorescence was detected in the cytoplasm.
Despite compelling evidence that both lipid anchors were functional in the majority of dual-EGFP molecules (Figs. 7B and 8A) and although the molecules formed mature chromophores and were correctly targeted (Fig. 6C) , second-harmonic signals originating from the membrane-bound EGFP array proved elusive (Fig. 6D) . Laser powers of up to 55 mW at the sample, extended signal averaging at maximal photomultiplier gain, and searches for electronic resonance enhancement of the second-harmonic signal (Campagnola et al. 2001; Heinz et al. 1982; Moreaux et al. 2001 ) by varying the fundamental wavelength between 870 and 920 nm were all ineffective, singly or in combination. The failure of the genetically encoded dipole array to generate detectable second-harmonic power suggested substantial differences of its structure to that of a dye-stained membrane, which it sought to emulate. These differences include, trivially, placement of the dipoles on opposite faces of the plasma membrane (extracellular for styryl dyes vs. intracellular for dual-EGFP) and different penetration depths (intercalation for styryl dyes vs. peripheral membrane association for dual-EGFP). None of these factors is a priori likely to affect 2HG, nor is a bulky peripheral membrane protein like dual-EGFP expected to translocate or flip-flop across the plasma membrane and thereby destroy the inversion asymmetry required for 2HG. Different types of membrane attachment may, however, restrict molecular motions to different degrees and cause more or less anisotropy in the orientational averages. By the same token, imperfect alignment of the chromophore dipole vector with the membrane-orthogonal axis of molecular rotation (Fig. 7A ) might lead to a less anisotropic distribution of dipole moments.
Differences in chromophore structures might account for differences in second-harmonic signal strength as well. The nonlinear hyperpolarizability of a chromophore (which determines its 2HG efficiency; Campagnola et al. 2001; Shen 1989) is directly related to the magnitude of the dipole moment change between ground and excited states (Chemla and Zyss 1987; Moreaux et al. 2000a) . Styrylpyridinum chromophores undergo large electronic redistributions on excitation that are reflected in dipole moment changes of ϳ16 Debye (Loew et al. 1979) . The anionic form of the p-hydroxybenzyledine-imidazolinium chromophore in EGFP exhibits a difference dipole moment of ϳ7 Debye (Bublitz et al. 1998) , which attests to a considerable but decidedly smaller charge shift. Like the orientational average discussed above, second-harmonic intensity scales quadratically with the nonlinear hyperpolarizability (Campagnola et al. 2001; Chemla and Zyss 1987; Moreaux et al. 2000a ). Modest differences in several of these variables could thus combine to produce significant effects.
The amplitude of the second-harmonic signal can be resonance-enhanced by one to two orders of magnitude if the signal overlaps with an electronic absorption band (Campagnola et al. 2001; Heinz et al. 1982; Moreaux et al. 2001) . Because the fundamental wavelengths used in our experiments (870-920 nm) were significantly shorter than that used in previous studies (1,064 nm; Khatchatouriants et al. 2000; , the specter arises that a difference in resonance enhancement might underlie the reported differences in signal strength. Two lines of evidence argue against this possibility. First, our fundamental wavelengths (870-920 nm) were selected to generate second-harmonic signals (435-460 nm) within the major absorption band of EGFP (ϳ425-500 nm); second-harmonic light generated at 1,064 nm, in contrast, appears off resonance because GFP does not absorb at 532 nm. Second, membranes decorated with FM 1-43, a synthetic dye whose absorption spectrum matches that of EGFP closely, generated bright, presumably resonance-enhanced, second-harmonic signals at a fundamental wavelength of 890 nm (Fig. 6B ).
Perhaps most important, then, is the fact that the total radiated second-harmonic power is a quadratic function of the surface density of radiating dipoles (Campagnola et al. 2001; Moreaux et al. 2000a Moreaux et al. , 2001 . (Fluorescent power, in contrast, is a linear function of the surface density of fluorophores.) It has been estimated that the density of styryl dyes in membranes averages ϳ10 5 molecules/m 2 at a bulk concentration of 50 M (Schote and Seelig 1998) . The footprint of a membraneparallel GFP cylinder, 4.2 ϫ 2.4 nm (Ormö et al. 1996; Yang et al. 1996) , would require that the cytoplasmic face of the plasma membrane be tiled seamlessly with GFP molecules to FIG. 8. Matrix-assisted laser-desorption/ionization (MALDI) time-of-flight (TOF) mass spectra of tryptic peptides derived from dually lipidated EGFP. Dually lipidated EGFP expressed in eukaryotic (A) or prokaryotic (B) cells was reacted with 4-vinylpyridine, deacylated, isolated by Triton X-114 partitioning, immunoprecipitation, and SDS-PAGE (which leads to the formation of acrylamide adducts on unprotected cysteines), and digested with trypsin. Peptides containing the 3 potential palmitoyl acceptor sites were identified by their measured masses and labeled according to the convention X-Y, where X denotes the number of amino acid residues and Y the inferred number of fatty acyl groups originally present. achieve comparable dipole densities. Steric hindrance may thus impose the most severe restriction on the utility of membranetethered GFP as a harmonic probe.
D I S C U S S I O N
Optical imaging of signals radiated by genetically encoded activity probes is increasingly recognized as a powerful approach to problems at the interface between cellular and systems neurophysiology (Zemelman and Miesenböck 2001) . Genetic control over the sites of probe expression can single out functionally or anatomically defined groups of neurons for analysis; photons of light can address large numbers of such genetically highlighted neurons in parallel. The combination of "genes and photons" may thus offer a compromise between opposing demands of parallelism and selectivity that traditional experimental approaches to neural function have found difficult to reconcile.
Compared with electrical recordings, which remain the gold standard for analyzing neuronal activity, however, optical methods in general and scanning methods in particular have difficulty resolving events at physiologically relevant timescales. A number of strategies have therefore been devised to accelerate the acquisition of scanned images, singly or in combination: rapid movement of the exciting light beam with consequently reduced pixel dwell times (the strategy pursued here as well as by Fan et al. 1999) ; simultaneous scanning of multiple foci (Bewersdorf et al. 1998; Buist et al. 1998) ; and reductions of the scanned area, to a single line in the extreme (Denk and Svoboda 1997) . While each of these strategies possesses advantages and disadvantages, the ultimate limit to fast imaging stems from the photon statistics of the optical signal itself, which set the minimal photon counting time per pixel and determine whether useful information can be extracted at high sampling rates.
Fluorescent signals emitted by micron-sized structures in the intact brain, such as synaptic terminals expressing synaptopHluorin, carry sufficient optical power to register in pixel dwell times as short as 100 ns. These pixel dwell times translate to a theoretical maximum of 10 million image points that can be surveyed per second. Standard-sized images of 640 ϫ 480 pixels can be scanned at video rate and smaller areas at correspondingly higher frequencies. Biological phenomena that would have remained undetected at conventional sampling speeds emerge clearly at the increased temporal bandwidth. Time-resolved fluorescence measurements at multiple synaptic sites, for instance, have revealed complex dynamics of evoked neurotransmitter release in a genetically homogeneous population of olfactory receptor neurons (Fig. 5) .
Stringent anisotropy and dipole density requirements make 2HG a much more demanding contrast mode than fluorescence for genetically encoded membrane probes. Even if a preferred chromophore orientation can be forced with multiple membrane tethers, the protein shells surrounding the popular encodable chromophores may simply be too bulky to achieve the dipole densities required for efficient 2HG (Fig. 6 ). Since these shells are essential elements of tightly folded single-domain structures (Ormö et al. 1996; Yang et al. 1996) , there is little hope that protein engineering could result in more compact, densely packed arrangements. To date, the only protein structures known to give rise to intense second-harmonic signals are semi-crystalline assemblies of structural proteins (Campagnola et al. 2002; Dombeck et al. 2003; Roth and Freund 1981; Zipfel et al. 2003; Zoumi et al. 2002) . Whether the principles responsible for 2HG in these structures (which are currently only incompletely understood) can be duplicated in or at biological membranes, and importantly, whether these structures are capable of voltage-modulated 2HG, remains to be seen. 
